Endometrial cancer is the most common gynaecologic malignancy in women in the United States and accounts for 6% of cancers in women worldwide. In the United States in 2015, 54 870 women will be diagnosed with endometrial cancer and 10 170 women will succumb to the disease ([@bib32]).

Endometrial cancer is classified into two subtypes ([@bib4]). Type I endometrial cancers are associated with endometrioid histology, typically low grade and early stage, are estrogen-dependent, and are associated with high overall survival (OS). Type II endometrial cancers, on the other hand, are estrogen-independent, of serous, clear-cell or grade 3 endometrioid histology, often associated with advanced stage at the time of diagnosis, exhibit an aggressive clinical course and are associated with poor OS. Notably, 52--70% of type II cancers exhibit extrauterine spread at the time of surgery, compared with 4.6% of Type I tumours ([@bib18]; [@bib34]; [@bib38]). Uterine-serous-carcinoma (USC), is the most biologically aggressive Type II tumour, accounts for 10% of all endometrial cancer and carries the poorest prognosis, with 5-year survival rates as low as 55% ([@bib19]).

The *c-erbB2* gene is a member of the erbB receptor tyrosine kinase family, which consists of four transmembrane glycoproteins: erbB1, erbB2, erbB3 and erbB4. The *c-erbB2* gene encodes erbB2 (HER2). When HER2 is amplified, the tyrosine kinase becomes constitutively active thereby increasing phosphorylation of intracellular tyrosine kinase residues and ultimately increasing cell proliferation, differentiation, migration and survival ([@bib20]; [@bib24]). In endometrial carcinoma, HER2 overexpression has been reported between 4 and 69% ([@bib26]) and is significantly more common in Type II endometrial tumours ([@bib23]; [@bib37]; [@bib11], [@bib12]). USC has the highest rates of expression among the endometrial cancers; up to 35% of tumours harbour *HER2* gene amplification ([@bib23]; [@bib37]; [@bib12]).

Trastuzumab, a humanised monoclonal antibody targeting the HER2 receptor, is endowed with remarkable clinical activity in breast cancer patients with HER2 amplification ([@bib33]; [@bib36]). The clinical activity of trastuzumab relies on the prevention of the heterodimerisation of HER2 receptor with the other members of the EGF receptor family (HER1, HER3 and HER4) and abrogation of downstream effectors as well as through recruitment of natural killer cells and initiation of antibody-dependent cell-mediated cytotoxicity or complement-dependent cytotoxicity, resulting in tumour lysis ([@bib17]; [@bib1]). Because of the common overexpression of the HER2 receptor in USC, trastuzumab may represent a potentially effective therapeutic agent against chemotherapy-resistant/recurrent USC. However, the results of Phase II trials from the Gynecologic Oncology Group (i.e., GOG 181B) using single agent trastuzumab in recurrent HER2-positive endometrial cancer patients have been disappointing ([@bib15]). Although it is currently not understood why endometrial cancer patients overexpressing HER2 differ in their response to trastuzumab from breast cancer patients, these negative results suggest an inborn or rapidly acquired resistance to trastuzumab in USC.

The PIK3CA/AKT/mTOR signalling cascade is critical to diverse cellular responses, including cell proliferation, survival, metabolism, and control of malignant cellular growth ([@bib10]). HER2/neu is located upstream to the PIK3CA/AKT/mTOR pathway ([@bib13]). HER2/neu and the PIK3CA/AKT/mTOR pathway can be constitutively activated secondary to gene amplifications (i.e., HER2/neu) or activating mutations in the *PIK3CA*/*AKT* genes ([@bib31]; [@bib5]). Importantly, multiple research groups, including our own, have recently reported *PIK3CA* gene mutations and *HER2/neu* gene amplifications in a relevant number of biologically aggressive endometrial cancers by whole-exome sequencing ([@bib16]; [@bib39]).

Our study aimed to better understand the role of PIK3CA mutations in HER2 overexpressing USC cell lines when treated with trastuzumab.

Material and Methods
====================

USC cell lines
--------------

Specimens were obtained from fresh tumour biopsies at the time of surgery, under approval of the institutional review board. USC cell lines were established as previously described ([@bib12]). Tumour *HER2/neu* gene amplification was evaluated by fluorescence *in situ* hybridisation (FISH), while *PIK3CA* gene mutations were evaluated by whole-exome sequencing as previously described by our group ([@bib12]). Of the 15 primary cell lines previously evaluated, four were selected, as seen in [Table 1](#tbl1){ref-type="table"}, for the additional *in vitro* and *in vivo* experiments with trastuzumab. The four USC cell lines have similar growth rates and demonstrated similar *erbB2* gene amplification by FISH but differ in their PIK3CA status. ARK-2 and ARK-21 harboured a wild-type PIK3CA gene while ARK-1 and ARK-20 harboured oncogenic PIK3CA mutations (i.e., E542K and H1047R, respectively, [Table 1](#tbl1){ref-type="table"}).

Transfection experiments with USC cell lines
--------------------------------------------

Full-length, wild-type and mutated (R93Q and H1047R mutations of PIK3CA p110, (a kind gift from Dr Daphne Bell, NIH) ([@bib28]) cDNA were cloned into the pFastBac vector (Invitrogen, Waltham, MA, USA). Briefly, the *Escherichia coli* strain BL21 (DE3) (Agilent Technologies, Santa Clara, CA, USA) was transformed with these vectors. The transformed cells were grown in LB broth containing 100 *μ*g ml^−1^ ampicillin. After expansion, the plasmid DNA was purified by the QIAGEN (Valencia, CA, USA) plasmid kit according to the manufacturer instruction. ARK-2 cells were then transfected with oncogenic (activating) PIK3CA constructs using the FuGENE-6 transfection reagent (Roche, South San Francisco, CA, USA), according to the manufacturer\'s protocol. In a similar fashion, ARK-2 cells were transfected with empty plasmids with the same protocol. Stably transfected cells were selected in the presence of 600 mg ml^−1^ G418 (Invitrogen).

Drug
----

Trastuzumab (Genentech, South San Francisco, CA, USA) was dissolved in phosphate buffered saline (PBS) (Life Technologies, Waltham, MA, USA) as a 20 mg ml^−1^ stock solution and diluted immediately before use.

Chemoresponse assay
-------------------

The effect of trastuzumab on the viability of cells as well as the IC~50~, was determined using a previously characterised flow cytometry assay based on propidium iodide ([@bib14]). Tumour cells derived from the four primary USC cell lines (two cell lines harbouring *HER2/neu* gene amplifications with PIK3CA mutations and two cell lines harbouring *HER2/neu* gene amplifications wild-type PIK3CA) as well as the transfected cell lines were plated in six-well tissue culture plates. When tumour cells were at exponential growth, they were treated with trastuzumab at concentrations of 0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, 40, 100 *μ*g ml^−1^. After 6 days of incubation, well contents were harvested in their entirety using 0.05% Trypsin EDTA (Invitrogen), centrifuged and then stained with propidium iodide (2 *μ*l of a 500 mg ml^−1^ stock solution in PBS with 0.1% sodium azide and 2% fetal bovine serum) for flow cytometric counts. Viable cells were then quantified using FACSCalibur and Cell Quest software (BD Biosciences, San Jose, CA, USA) as percent of viable cells (mean±s.e.m.) *vs* 100% untreated controls. A minimum of three independent experiments per USC cell line were performed.

Flow cytometry analysis of phosphorylated S6 and phosphorylated HER2 intracellular levels in primary USC cell lines
-------------------------------------------------------------------------------------------------------------------

A previously validated flow cytometry-based assay was used to evaluate the baseline level as well as the change in phosphorylated HER2 and S6 expression as a downstream cellular response to trastuzumab in USC cell lines. After 24 h exposure to 40 *μ*g ml^−1^ of trastuzumab, well contents were harvested in their entirety using 0.05% Trypsin EDTA (Invitrogen). Cells were fixed using 4% paraformaldehyde for 10 min at 37 °C and then washed with PBS and permeabilised with 90% methanol for 30 min. They were then suspended in incubation buffer (PBS containing 0.5% BSA), blocked for 10 min, and aliquoted into three tubes. Cells were allowed to incubate with primary rabbit monoclonal antibodies: phospho-HER2/ErbB2 (Y1221/1222 Cell Signaling Technologies, Inc., Danvers, MA, USA), Phospho-S6 Ribosomal Protein (Ser235/236 Cell Signaling Technology, Inc.) and no primary antibody for one hour on ice. Cells were then washed in incubation buffer two times and allowed to incubate with fluorescein conjugated goat anti-rabbit immunoglobulin (AQ132F) secondary fluorescein conjugated antibody (Millipore, Temecula, CA, USA) for half an hour on ice. Samples were then washed, suspended in PBS, and read by flow cytometry. Cells (i.e., 10 000 events per sample) were analysed on FACSCalibur, using Cell Quest software (BD Biosciences). Differences in mean intensity of fluorescence (MFI) and percentage gated cells between groups and treatments were then compared.

Western blot analysis of HER2, pHER2, S6 and pS6 in PI3KCA-transfected ARK-2 USC cells
--------------------------------------------------------------------------------------

USPC-ARK-2 cells transfected with the plasmids encoding for the oncogenic PI3KCA mutation H1047R and R93Q were selected and grown in medium containing G418 (600 *μ*g-ml). H1047R and R93Q ARK-2 cells were then washed and mechanically scraped and lysed on ice with RIPA buffer supplemented with protease inhibitor cocktail. Lysates were recovered after centrifugation and protein levels were quantified using a BCA Protein Assay Kit (\#23225, Thermo Scientific, Waltham, MA, USA). Samples were then loaded in equal amounts on 4--20% acrylamide precast gels (Bio-Rad, Waltham, MA, USA). Proteins were then transferred to polyvinylidene difluoride membranes (Bio-Rad) for the immunoblots. Antibodies used were HER2 (\#06562, Millipore), pHER2 (\#2247, Cell Signaling), GAPDH (\#2118, Cell Signaling), S6 (\#2217, Cell Signaling) and pS6 (\#5364, Cell Signaling). Incubation of the membranes with primary antibodies was performed overnight in 5% BSA/milk in PBS-Tween at 4 °C. After incubation, membranes were washed three times with 1% milk in PBS-Tween (0.2%) at room temperature and incubated with an HRP-linked secondary antibodies in 5% milk PBS-Tween (0.2%) for 1 hour before washing four times in 1% milk PBS-Tween. Signals were detected with western blotting detection reagents (Thermo Scientific). Bands were then visualised and the blots developed using an enhanced chemiluminescent system (GEL Logic 1500, Carestream Health, Inc., Rochester, NY, USA).

*In vivo* assay of drug effect
------------------------------

To determine the *in vivo* activity of trastuzumab, a representative PIK3CA-mutated/FISH+ cell line (USPC-ARK-1) and a representative PIK3CA wild-type/FISH+ cell line (USPC-ARK-2) were injected into the subcutaneous region of ten 5--8-week-old SCID mice (Harlan Laboratories, Indianapolis, IN, USA) per cell line. All animal studies were performed after receiving approval of the Institutional Animal Care and Use Committee (IACUC) of Yale University. After implantation of cells, tumours were monitored until they reached a volume of 0.1 cm^3^ before initiating treatment. Mice were then randomized into two treatment groups (control and trastuzumab), keeping average tumour volume similar between groups. Each group consisted of five mice. The control group was treated with vehicle (PBS), while the trastuzumab experimental group was treated with 15 mg kg^−1^ of trastuzumab. Treatments were given intravenous (IV) once a week for 4 weeks. Tumour volume was calculated by the formula *V*=length × (width)^2^ × 0.5. Tumour sizes and body weights were recorded two times per week. The mice in both treatment groups were treated for 1 month with trastuzumab or vehicle after which they were observed for OS. When tumour reached 1 cm^3^ or became necrotic the animals were removed from the study and euthanized according to the rules and regulations set forth by the IACUC.

Statistical analysis
--------------------

Statistical analysis was conducted using GraphPad Prism5 version 6 (GraphPad Software, Inc., San Diego, CA, USA). For each independent experiment on a given cell line, the measures of growth under different dose levels were normalised to the mean of the control group receiving no drug, so that all data were expressed as a proportion of the control. The D\'Agostino & Pearson omnibus K2 normality test was used for analysis of frequency distributions. Normalised data were then fit by nonlinear regression to a normalised logistic response curve and the resulting parameter estimates were used to calculate the value of the IC~50~ (in log10 units) for that experiment. For the flow cytometry experiments, changes in the phosphorylated HER2 and S6 protein levels were analysed comparing the MFI and percentage gated cells before and after the exposure to trastuzumab. ANOVA and unpaired *t*-test were used to assess pS6 and pHER2 changes and cell cycle changes in the HER2/neu overexpressing PIK3CA-mutated cell line (USPC-ARK-1) and in the HER2/neu overexpressing PIK3CA wild-type cell line (USPC-ARK-2). Differences in all comparisons were considered significant at *P*-values\<0.05.

Results
=======

*PIK3CA* gene mutations are common in *HER2/neu* gene amplified USC
-------------------------------------------------------------------

Fifteen whole-exome-sequenced primary USC cell lines for which PIK3CA mutation status was known were tested for *HER2* (*c-erbB2*) gene amplification by FISH assay. We found 7 out 15 (46%) of the primary USC cell lines to harbour *HER2/neu* gene amplification. Within these cell lines four out of seven (57%) were found to have oncogenic PIK3CA mutations. In contrast, only 2 out of 8 (25%) of the HER2/neu not amplified cell lines were found to harbour PIK3CA mutations ([Table 1](#tbl1){ref-type="table"}, *P*=0.01).

*HER2/neu* gene amplification and *PIK3CA* gene mutations determine response to trastuzumab
-------------------------------------------------------------------------------------------

We exposed four *HER2* gene amplified cell lines to different concentration of trastuzumab in *in vitro* titration assays. As representatively shown in [Figure 1](#fig1){ref-type="fig"}, we found trastuzumab to have a consistent and significantly stronger cytostatic effect on cell lines that had overexpression of c-erbB2 and a wild-type *PIK3CA* gene when compared with those with overexpression of c-erbB2 and a mutated *PIK3CA* gene (trastuzumab IC~50~ mean±s.e.m.=23.61±3.86 *vs* 401.0±1.15 *μ*g ml^−1^, *P*=0.02, respectively). Those cell lines with wild-type PIK3CA were nearly 20-times more sensitive to trastuzumab. The ARK-2 cell line was the most sensitive to trastuzumab, with a mean inhibitory concentration (IC~50~)±s.e.m. of 14.33±5.66 *μ*g ml^−1^ followed by the ARK-21 cell line (71.29±4.59 *μ*g ml^−1^). The least sensitive cell lines were ARK-1 with a mean inhibitory concentration (IC~50~)±s.e.m. of 388.6±1.76 *μ*g ml^−1^ and ARK-20 (449.4±1.75 *μ*g ml^−1^). Both cell lines with low sensitivity to trastuzumab harboured hotspot mutations in the *PIK3CA* gene.

Trastuzumab-sensitive HER2/neu overexpressing cell lines with wild-type PIK3CA transfected with activating *PIK3CA* gene mutations become resistant to trastuzumab
------------------------------------------------------------------------------------------------------------------------------------------------------------------

To evaluate whether driver mutations in the PIK3CA gene may be the cause of the increased resistance of USC to trastuzumab, the HER2-amplified ARK-2 cell line which harbours a wild-type *PIK3CA* gene, was transfected with plasmids encoding the R93Q or the H1047R PIK3CA activating mutations as well as an empty plasmid. The stably transfected cells were then exposed to different concentrations of trastuzumab *in vitro*. As shown in [Figure 2](#fig2){ref-type="fig"}, we found the ARK-2 cell line which was previously highly sensitive to trastuzumab, to become highly trastuzumab resistant after transfection with both the activating PIK3CA mutations with a mean inhibitory concentration (IC~50~) of trastuzumab±s.e.m.=14.33±6.47 *μ*g ml^−1^ in ARK-2 cell line with the empty plasmid *vs* 199.2±3.28 *μ*g ml^−1^ in the ARK-2 transfected cell line harbouring the R93Q PIK3CA mutation and 428.2±2.54 *μ*g ml^−1^, in the ARK-2 transfected cell line harbouring the H1047R PIK3CA mutation. A one-way ANOVA comparing the IC~50~ between cell lines was highly significant (*P*\<0.0001). Both ARK-2 with wild-type PIK3CA and ARK-2 with the empty plasmid were equally sensitive to treatment with trastuzumab (*P*=0.08). Both ARK-2 transfected with H1047R mutation and ARK-2 transfected with the R93Q PIK3CA mutation were significantly more resistant to treatment with trastuzumab when compared with ARK-2 with wild-type PI3KCA (*P*\<0.0001, *P*\<0.0001). Although both of these transfected cell lines were resistant to trastuzumab, we found a significant difference between their IC~50~\'s (*P*=0.02), with the ARK-2 transfected with the H1047R mutation cell line being more resistant than the ARK-2 cell line transfected with the R93Q mutation ([Figure 2](#fig2){ref-type="fig"}).

Western blot analysis of HER2, pHER2, S6 and pS6, in PI3KCA-transfected ARK-2 USC cells
---------------------------------------------------------------------------------------

To evaluate the activation of the HER2/PI3K/mTOR pathways in USC-ARK-2 cells transfected with the H1047R and R93Q PIK3CA plasmids western blot experiments were performed. As shown in [Figure 3](#fig3){ref-type="fig"}, we were unable to detect differences in the expression levels of HER2 and pHER2 in USC-ARK-2 cells transfected with the H1047R and R93Q PIK3CA plasmids. In contrast, when S6 and pS6 expression levels were compared, we found consistent increase in the phosphorylation of S6 in the ARK-2 cells transfected with the H1047R PIK3CA plasmid when compared with the ones transfected with the R93Q PIK3CA plasmid ([Figure 3](#fig3){ref-type="fig"}).

Alterations in HER2/neu and S6 phosphorylation after treatment with trastuzumab
-------------------------------------------------------------------------------

To gain insight into the potential molecular mechanisms causing the differential response to trastuzumab in HER2-amplified PIK3CA-mutated *vs* wild-type PIK3CA cell lines, we assessed the phosphorylation of HER2/neu and the phosphorylation of the downstream transcription factor S6 using flow cytometry before and after incubation with trastuzumab. For these experiments USC ARK-1 was chosen as representative PIK3CA-mutated/FISH+ cell line while the USC ARK-2 was selected as representative PIK3CA wild-type/FISH+ cell line. As shown in [Figure 4](#fig4){ref-type="fig"}, we found a significant decrease in the phosphorylation of both HER2 and S6 after 24 h exposure to 40 *μ*g ml^−1^ trastuzumab in both cell lines. However, when a comparison of the percent decrease in phosphorylation was performed between the PIK3CA wild-type/FISH+ cell line (ARK-2) *vs* the PIK3CA-mutated/FISH+ cell line (ARK-1), a highly significant difference in the dephosphorylation of HER2 (*P*=0.0007) and S6 phosphorylation (*P*\<0.0001) was demonstrated between the two cell lines ([Figure 4](#fig4){ref-type="fig"}).

Trastuzumab effect *in vivo* in xenograft models of HER2-amplified USC with or without PIK3CA mutations
-------------------------------------------------------------------------------------------------------

Over the course of the experiment treatment with trastuzumab was well tolerated by all the mice. As shown in [Figure 5](#fig5){ref-type="fig"}, the weekly administration of trastuzumab at 15 mg kg^−1^ induced significant tumour growth inhibition after 21 days of treatment (*P*=0.001) and significantly improved OS (*P*=0.0001) in the FISH+ PIK3CA wild-type xenografted cell line (USPC-ARK-2) when compared with the placebo control group. In contrast, we were unable to demonstrate any significant effect of trastuzumab in the FISH+, PIK3CA-mutated cell line (USPC-ARK-1) in terms of tumour growth inhibition (*P*=0.73) or OS (*P*=0.08) ([Figure 5](#fig5){ref-type="fig"}).

Discussion
==========

Our group has recently reported the whole exome sequencing of a large number of USC ([@bib39]). In this comprehensive study, and in agreement with data recently reported by the TCGA network in endometrial cancer, ([@bib7]) a large number of USC were found to harbour *HER2/Neu* gene amplifications as well as oncogenic PIK3CA 'hotspot\' mutations ([@bib12]). Accordingly, in the current study we carefully evaluated the role of PIK3CA mutations as major mechanism of resistance to trastuzumab therapy in HER2/neu overexpressing primary USC cell lines *in vitro* and *in vivo.* We found PIK3CA mutations to be significantly more common in HER2-amplified USC primary cell lines when compared with USC harbouring wild-type *PIC3CA* genes. These results suggest that *HER2/neu* gene amplified USC may be more dependent on continued PI3K/Akt/mTOR pathway activation than HER2/neu negative tumours. More importantly, the high prevalence of PIK3CA driver mutations in USC suggests that it may potentially represent one of the main mechanisms of resistance to trastuzumab-based therapy. Consistent with this view, we found HER2/neu overexpressing primary USC cell lines harbouring oncogenic PIK3CA mutations to be highly and significantly more resistant to trastuzumab when compared with HER2/neu overexpressing wild-type PIK3CA cell lines in *in vitro* experiments. Furthermore, *in vivo* treatment with trastuzumab was found to be effective in reducing tumour growth only in mouse xenografts harbouring HER2-amplified, PIK3CA wild-type USC but not in HER2-amplified, PIK3CA-mutated tumours. Finally, to unequivocally demonstrate the effect of PIK3CA mutations on trastuzumab resistance, we performed transfection experiments with plasmids encoding oncogenic PIK3CA mutations in USPC-ARK-2, a HER2/neu overexpressing whole-exome-sequenced USC cell line harbouring a wild-type *PIK3CA* gene. We found a consistent and significant increase in the resistance to trastuzumab after transfection of the mutated PIK3CA genes (*P*=0.02). Of interest, the two different oncogenic mutations tested (H1047R and R93Q), which are known to confer different level of *PIK3CA* gene 'gain of function\' in tumours, were able to confer different levels of resistance to trastuzumab ([@bib28]). Consistent with these results, USC-ARK-2 cells transfected with the H1047R mutation demonstrated higher levels of phosphorylation of S6 when compared with ARK-2 cells transfected with the R93Q PIK3CA plasmids by western blot. These results suggesting increased PI3kinase downstream pathway signalling in the H1047R transduced cells.

Overexpression of HER2/neu is associated with aggressive disease and poor prognosis in multiple human tumours including USC ([@bib2], [@bib3]; [@bib29]; [@bib21]). Many previous studies have investigated HER2 overexpression and/or gene amplification in endometrial cancer patients. In GOG181B, in which 286 advanced or recurrent endometrial carcinomas were screened for HER2 overexpression, only 7% of endometrioid tumours were HER2-amplified, compared with 28% of serous cancers ([@bib13]). In GOG-177, 234 specimens representing advanced or recurrent endometrial cancer were available for immunohistochemistry (IHC) and 182 for fluorescence *in situ* hybridisation. Of these, 11% of grade 3 endometrioid and 21% of serous tumours demonstrated *HER2* gene amplification by FISH ([@bib13]). The proportion of overexpression by IHC was significantly higher in serous *vs* non-serous histologies (61% *vs* 41%, *P*=0.03). Finally, in a study of 85 pure serous carcinomas and 23 mixed endometrial carcinomas with serous component identified over a 4-year period at Yale University, [@bib6] found that 35% exhibited HER2 3+ overexpression and/or gene amplification. Taken together these results suggest that HER2 may represent a relevant molecular target in endometrial cancer patients, in particular against biologically aggressive USC.

Although the identification of USC harbouring amplification of the *ErbB2* gene by FISH may represent the most effective way to guide selection of USC patients who may benefit more from trastuzumab therapy, in selected endometrial cancer patients, single agent anti-HER2 directed therapy has so far failed to produce meaningful responses in clinical trials ([@bib15]). Although clinical trials with trastuzumab in combination with carboplatin-paclitaxel chemotherapy are currently ongoing in USC (NCT01367002), these disappointing results strongly suggest an innate or rapidly acquired drug-induced resistance to anti-HER2-targeted therapy ([@bib15]). Unfortunately, scant information is currently available regarding the potential mechanisms of resistance to anti-HER2 monoclonal antibody operative in endometrial cancer patients. To fill this gap in knowledge, our group has recently reported elevated expression levels of the extracellular domain of HER2 both in the supernatant of HER2-amplified USC cell lines *in vitro* as well as in the plasma of USC patients *in vivo* ([@bib35]). These data suggest that, similarly to what has been demonstrated in a subset of breast cancers, the proteolytic cleavage of full-length HER2 with the formation of a cell surface-associated fragment (p95HER2), which lacks the trastuzumab-binding domain of the full-length HER2, may represent an important mediator of trastuzumab resistance in USC patients ([@bib27]; [@bib8]; [@bib9]). Moreover, in a recent review of a large series of USC specimens tested for HER2 overexpression in our institution we found a marked heterogeneity in HER2 overexpression (i.e., 53% of the HER2 overexpressed/amplified tumours harboured a significant intra-tumoural heterogeneity in HER2 protein expression) ([@bib6]). These results highlighting potential differences in HER2 expression in endometrial cancers *vs* breast cancers with a significant negative impact on the efficacy of HER2-targeted treatments.

The activation of downstream HER2 effectors may also lead to primary anti-HER2 therapy resistance. Accordingly, *in vitro* studies have identified phosphatidylinositol 3-kinase (PI3K) expression, low PTEN expression, AKT phosphorylation and S6K phosphorylation as potential mediators of primary trastuzumab resistance in breast cancer cell lines ([@bib22]; [@bib25]). In this regard, while in normal cells the PIK3CA/AKT/mTOR pathway is tightly controlled, a large number of human cancers including endometrial tumours may harbour PIK3CA mutations which result in the deregulated activation of the pathway and the ability of tumours to metastasise and invade normal tissues, continue to grow under conditions of low nutrients or low oxygen, and resist radiation and chemotherapy treatment ([@bib5]; [@bib13]).

In conclusion, we demonstrated that oncogenic PIK3CA mutations in HER2/neu overexpressing USC are common and may constitute a major mechanism of resistance to trastuzumab. Importantly, PIK3CA may represent a biomarker able to identify patients unlikely to respond to single agent trastuzumab-based therapy. Novel HER2/neu targeted agents effective in the treatment of trastuzumab-resistant human tumours (i.e., T-DM1 and/or afatinib) ([@bib14], [@bib30]) may represent novel, more effective strategies against this subset of biologically aggressive endometrial cancers.
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![**Effect of Trastuzumab on c-erb2 amplified cell lines with and without PIK3CA mutations.** Four USC cell lines were treated with scalar concentrations of trastuzumab for 6 days before evaluating the percentage of cell survival using flow cytometry-based assays. A statistically significant difference in resistance to trastuzumab was found in cell lines with PIK3CA mutations (USC ARK-1 and USC ARK-20) when compared with those harbouring wild-type PIK3CA (USC ARK-2 and USC ARK-21) (*P*=0.02).](bjc2015306f1){#fig1}

![**Effect of Trastuzumab on c-erb2 amplified USC ARK-2 cell line after transfection with plasmids encoding the oncogenic H1047R or R93Q PIK3CA mutations.** Briefly, after the transfection of USC ARK-2 cell line with plasmids (i.e., H1047R, R93Q, and empty plasmid) and selection with G418, cells were treated with scalar concentrations of trastuzumab for 6 days before evaluating the percentage of cell survival using flow cytometry-based assays. A statistically significant increase in resistance to trastuzumab was demonstrated when comparing the IC~50~\'s of USC ARK-2 cells transfected with the H1047 plasmid or USC ARK-2 transfected with the R93Q plasmid, when compared with control USC ARK-2 cells (*P*\<0.0001 and *P*\<0.0001, respectively). No difference in IC~50~ was noted between USC ARK-2 harbouring wild-type PIK3CA and USC ARK-2 transfected with the empty control plasmid (*P*=0.08).](bjc2015306f2){#fig2}

![**Expression of HER2, pHER2, S6 and pS6 in H1047R and R93Q PI3KCA-transfected ARK-2 USC cells.** Briefly, USPC-ARK-2 cells transfected with the plasmids encoding for the oncogenic PI3KCA mutation H1047R and R93Q were grown in medium containing G418 as described in the methods section and used for western blotting analyses of HER2, pHER2, S6 and pS6. An increase in the phosphorylation of S6 in ARK-2 cells transfected with the H1047R PIK3CA plasmid when compared with ARK-2 cells transfected with the R93Q PIK3CA mutation was consistent noted. Expression of GAPDH was used as loading control in all the experiments.](bjc2015306f3){#fig3}

![**Effect of trastuzumab on the phosphorylation of HER2 and S6.** Briefly, phosphorylation of USC ARK-1 and USC ARK-2 after 24 h of exposure to 40 *μ*g ml^−1^ of trastuzumab when compared with untreated control cells was evaluated using a flow cytometry-based assay as described in the Methods section. The graph on the left-hand side depicts the phosphorylation of HER2 while the graph on the right hand side depicts the phosphorylation of S6. A significant decrease in the phosphorylation of both HER2 and S6 after 24 h exposure to 40 *μ*g ml^−1^ trastuzumab was detected in both cell lines. However, when a comparison of the percent decrease in phosphorylation was performed between the PIK3CA wild-type/FISH+ cell line (ARK-2) and the PIK3CA-mutated/FISH+ cell line (ARK-1), a highly significant difference in the dephosphorylation of HER2 (*P*=0.0007) and S6 phosphorylation (*P*\<0.0001) was demonstrated.](bjc2015306f4){#fig4}

![***In vivo* effect of trastuzumab in c-erb2 amplified cell lines with and without PIK3CA mutations.** Tumour growth and OS of mice harbouring USC ARK-1 (i.e., HER2-amplified/PIK3CA-mutated cell line, left panel) and USC ARK-2 (i.e., HER2-amplified/PIK3CA wild-type cell line, right panel) after treatment with trastuzumab (15 mg kg^−1^ wk^−1^). No significant difference in tumour growth inhibition (*P*=0.73) or OS (*P*=0.08) was detected in the ARK-1 group of mice when compared with control after trastuzumab treatment. In contrast, a statistically significant difference in tumour growth inhibition (*P*=0.001) and OS (*P*\<0.0001) was detected in the ARK-2 group of mice treated with trastuzumab.](bjc2015306f5){#fig5}

###### Cell line characteristics

  **Cell line**    **Age**   **Race**   **Stage**   **C-erbB2 FISH**   **IHC**   **PIK3CA mutations exon 9, 20**
  --------------- --------- ---------- ----------- ------------------ --------- ---------------------------------
  ARK-1              62         B          IV          Amplified         3+                 542/1068
  ARK-2              63         B          IV          Amplified         3+               Not detected
  ARK-20             42         W          II          Amplified         3+                 1047/1068
  ARK-21             70         W          IA          Amplified         3+               Not detected

Abbreviations: FISH=fluorescence *in situ* hybridisation; IHC=immunohistochemistry.
